The managing and recycling of waste tires has become a worldwide environmental challenge. Among the different disposal methods for waste tires, pyrolysis is regarded as a promising route. How to effectively enhance the added value of pyrolytic residue (PR) from waste tires is a matter of great concern. In this study, the PRs were treated with hydrochloric and hydrofluoric acids in turn under ultrasonic waves. The removal efficiency for the ash and sulfur was investigated. The pyrolytic carbon black (PCB) obtained after treating PR with acids was analyzed by X-ray fluorescence spectrophotometry, Fourier transform infrared spectrometry, X-ray diffractometry, laser Raman spectrometry, scanning electron microscopy, thermogravimetric (TG) analysis, and physisorption apparatus. The properties of PCB were compared with those of commercial carbon black (CCB) N326 and N339. Results showed PRs from waste tires were mainly composed of carbon, sulfur, and ash. The carbon in PCB was mainly from the CCB added during tire manufacture rather than from the pyrolysis of pure rubbers. The removal percentages for the ash and sulfur of PR are 98.33% (from 13.98 wt % down to 0.24 wt %) and 70.16% (from 1.81 wt % down to 0.54 wt %), respectively, in the entire process. The ash was mainly composed of metal oxides, sulfides, and silica. The surface properties, porosity, and morphology of the PCB were all close to those of N326. Therefore, PCB will be a potential alternative of N326 and reused in tire manufacture. This route successfully upgrades PR from waste tires to the high value-added CCB and greatly increases the overall efficiency of the waste tire pyrolysis industry.
Introduction
Municipal solid wastes, which include household garbage, construction waste, plastic waste (Miandad et al., 2017a) , and waste tires, are one of the chronic environmental, health and economic problems in most developing countries (Miandad et al., 2016) . Rapid development in the transportation industry has accelerated the improvements in all aspects of modern life. However, environmental problems caused by waste tires have become increasingly obvious. A report showed that global tire demand was estimated to increase by 4.3% annually and was expected to reach 2.9 billion units in 2017 (Machin et al., 2017) . As discarded tires are frequently dumped in the environment, dealing with waste tires in an efficient and environmentally friendly manner and fully exploiting them have become the concern of many countries worldwide.
As a kind of polymer with three-dimensional structures, tires are primarily composed of natural or synthetic rubber, vulcanization agent, carbon black as reinforcing filler, and other additives, such as zinc oxide as a vulcanization activator and aramid fiber as tire explosion-proof agent. Since tires hardly degrade naturally (Sienkiewicz et al., 2012) , several methods are used for waste tire disposal. These methods include landfill deposition, incineration, reclamation, gasification, and pyrolysis (Williams, 2013) . However, these methods have their own pros and cons. Landfill is a simple method but requires a large amount of land resources and has a great security risk concerning the environment (Saleh and Danmaliki, 2016; Undri et al., 2013) . Landfill disposal of tires is banned by legislation in developed countries and is being phased out in developing countries. Incineration has some advantages of complete and great treatment capacity, but it generates poisonous gases that cause secondary pollution (Juma et al., 2006) . Reclamation is not easily accepted by consumers because of safety concerns (De Sousa et al., 2017) . In terms of energy recovery, gasification is a promising method to handle waste tires, making syngas with minimum loss of energy (Leung and Wang, 2003) . However, this process requires high initial investment, electricity consumption, and operation costs (Machin et al., 2017) . In addition, the tar generated in the process of gasification can block the pipelines and also disable catalysts (Heidenreich and Foscolo, 2015) . Pyrolysis can produce gas, liquid, and solid materials. The yields and the composition of the pyrolytic products are influenced by the features of catalyst such as microporous structure and surface area (Demirbas et al., 2016; Rehan et al., 2017) . The liquid, gas, and solid can be further utilized. For example, the liquid was applied in the production of limonene, benzene, and its homologues (Danon et al., 2015; Quek and Balasubramanian, 2013) or upgraded into automotive fuels (Wang et al., 2016) . So, pyrolysis has an advantage over other technologies like incineration and gasification with a lower annual capital cost and net operational cost along with production of value-added products (Miandad et al., 2017b) . Also, it is considered the most promising route for waste tire disposal.
At present, pyrolytic residues (PRs) from waste tires are mainly used as activated carbon (Antoniou et al., 2014; Choi et al., 2014) , which lacks large-scale production because of its low adsorption (Saleh and Gupta, 2014) . They are sometimes used as carbon black applied in the process of manufacturing tires, but poorer properties compared with commercial carbon black (CCB) severely hinder their application (Antoniou and Zabaniotou, 2015; Kaminsky and Mennerich, 2001) . Table 1 shows some basic properties of PRs reported in the literature. As shown, PRs have lower carbon content and higher ash and sulfur contents than CCB used in tires. In addition, there are also some metals in waste tires, and most of metals are concentrated in the solid residue (Galvagno et al., 2002) . In order to remove the ash from PR, a demineralization process is carried out by pickling (Shukla et al., 2015) . The results showed that carbon content of the residues from waste tire pyrolysis could increase from 83.1% to 93% and 90%, respectively, when HCl and H 2 SO 4 were used (Shah et al., 2006) , but it cannot reach the requirement of CCB. Another study demonstrated that the ash content of PR could decrease to 4.79% from 12.14% and the degree of desulfurization reached 95.27% when PR was leached with the mixture of concentrated HCl and HNO 3 (Akyıldız et al., 2010) . Obviously, the ash content of the obtained products is still much higher than 0.5 wt % to be admissible for tire manufacture. In fact, use of the mixture of concentrated HCl and HNO 3 severely changed the surface properties of carbon from PR due to their strong oxidizability. Obviously, how to remove the ashes and sulfides and convert PR into high value-added CCB is extremely important for enhancing its utilization and recycling. Data show that the demand for CCB used in tires is increasing by 4% annually (Hita et al., 2016) . Therefore, upgrading the PR to CCB has a huge market.
CCB added in tires accounts for about 25-30% (Tang and Huang, 2005) and the yield of PR arrives at about 30-40%. Clearly, the residue is primarily composed of CCB and some impurities. In other words, once the impurities have been removed, the remaining part may be CCB. Of course, the properties of CCB cannot be changed while the residue is treated.
In this study, we chose non-oxidizing acids to treat the residues assisted by ultrasonic waves in order to remove the impurities and avoid variation from the properties of CCB added to tires. As a comparison, N326 (high abrasion furnace black, low structure) and N339 (high abrasion furnace black, high structure) were selected to evaluate the differences between properties of PCB and CCB. The aim of our work is to provide a simple, efficient, and economical route to enhance the value of PR produced from waste tire pyrolysis.
Materials and methods

Materials
Waste tires, with a particle size of 30 mesh (316 μm), were provided by Qingdao Lvye Rubber Co, Ltd. N339 and N326 used in this study were obtained from Heima, Shanxi, China. Styrenebutadiene rubber (SBR) and polybutadiene rubber (BR) were purchased from Yanshan Petrochemical Co, China. Natural rubber (NR) was imported from Vietnam.
Methods
A schematic diagram of the major steps for producing pyrolytic carbon black (PCB) from waste tires is shown in Figure 1 . A vertical-type fixed bed reactor was used to pyrolyze the waste tires. The temperature was controlled by a programmed temperature controller. Nitrogen was used as protective gas during the process of pyrolysis. The process was as follows: 30 g samples were heated to 550°C, 600°C, 650°C, and 700°C and then held for 1 h, with a heating rate of 10°C min −1 . An orthogonal experiment was used to optimize pickling conditions and the scheme is described in Table 2 . The PRs from waste tires were first treated with HCl (residue:HCl = 1 g:10 mL) for 6 h every time under ultrasonic waves (200 W, 40 kHz). After that, the resulting residues were further treated with 40 wt % HF (residue:HF =1 g:2 mL) for 5 h (2005) under ultrasonic waves at 25°C. The obtained solid was washed several times with distilled water to neutrality and then dried at 125°C for 1 h. PCB was subsequently obtained.
Characteristics
An element analyzer (Vario EL III Element Analyzer, elementar Analysensysteme GmbH, Germany) was used to determine the content of C, H, N, and S in the samples. In a single test, the sample was allowed to fall in a quartz tube (kept at a temperature of 1000°C) and undergo a flash decomposition. An X-ray fluorescence (XRF) spectrophotometer (Epsilon1, PANalytical BV, the Netherlands) was used to determine the distribution of elements in the samples. The thermal behavior was observed with a thermal gravimetric analyzer (Beijing Optical Instrument Factory WCT-2D, China). The 8 mg samples were heated from 100°C to a final temperature of 900°C at a rate of 10°C min −1 under nitrogen gas flow with a constant rate of 40 mL min −1 . Fourier transform infrared (FT-IR) spectra were recorded on a FT-IR spectrometer (Bruker Tensor 27, Germany) in the wavenumber range from 4000 to 400 cm −1 . The pore distributions were measured using a Micromeritics analyzer (ASAP 2020, Micromeritics Instrument Corp, USA), and the specific surface area was calculated using the Brunauer-Emmett-Teller (BET) plot of the nitrogen adsorption isotherm. The total volume was estimated using the t-plot method. The X-ray diffraction (XRD; D/max-2500, Rigaku, Japan) patterns were recorded from 5° to 85° at a scanning speed of 8° min −1 . Ni-filtered Cu K α radiation (λ = 0.15406 nm) was generated at a voltage of 40 kV and a current of 100 mA. Raman spectra were recorded using a laser Raman spectrometer (Bruker R200-L, Germany) at a laser excitation wavelength of 532 nm. Morphology and microstructure were characterized via a field emission scanning electron microscope (JEOL.JSM-7001F, Japan). Ash content and the value of the adsorbed iodine and dibutyl phthalate (DBP) from the samples were measured according to the China National Standard GB/T 3780-2011.
Results and discussion
Yield of PR
The PR yields of the waste tires and pure rubbers at different temperatures are shown in Table 3 . At increased pyrolysis temperature, the PR yields decreased slightly. The value ranged from 37.43 wt % to 38.66 wt %. Pure rubber had lower residue yields (between 0.027 and 0.083 wt %) than waste tires, indicating the minimal contribution of carbon from pure rubber pyrolysis to PR yield. This finding suggested the carbon in PRs from waste tires was mainly generated from CCB added in tires. Williams and Besler (1995) reported that PR yields from pure rubbers were less than 4 wt %, which was higher than the obtained value in the current study. This difference may be caused by the condensate sticking to the outer wall of residue due to the lack of sweeping gas of nitrogen, which could accelerate the discharge of the pyrolytic products from the wall of the sample.
Influence of HCl treatment on the properties of the PRs
Nitric acid shows some oxidizing role. Thus, hydrochloric acid was selected to remove metal oxides. The experiments first compared the effect of mechanical stirring with that of ultrasonic waves during the removal of ash with hydrochloric acid when other conditions were all the same. The results are listed in Table 4 . The effect of ultrasonic waves on deashing was far greater than that of mechanical stirring. The cavitation of the ultrasonic waves may generate numerous spots with high transient temperatures, which may have caused high pressures and microjets at a high speed (Suslick, 1990 ). This condition caused continual impact on the residue surface, and the impurities on the surfaces and cracks of the residue reacted with hydrochloric acid effectively. These effects accelerated the mass transfer process between hydrochloric acid and metallic compounds and decreased the difference among the concentrations during the reaction. The influence of reaction time on deash efficiency with 4 mol L −1 hydrochloric acid solution under ultrasonic waves is shown in Figure 2 .
The ash content of the residue barely changed after 6 h. For the optimization of the treatment conditions, such as reaction temperature, concentration of HCl, and repeating times, an orthogonal design (measured by ash content) was used ( Table 5) .
The results showed the ash content of residue reached the lowest value when the concentration of HCl was 4.0 mol L −1 and reaction temperature was 60°C. This process was repeated three times. At an optimal condition, the ash content of the residue was 1.26 wt %, which was far higher than that of CCB (<0.5 wt %). In this instance, the removal efficiency for the ash reached 91.26%. 
Influence of HF on the ash of PR
Considering the presence of silica (Sugatri et al., 2018) , we used hydrofluoric acid (40 wt %) to remove residual ash through the application of ultrasonic waves at 25°C. The ash content of the PCB, which was obtained after hydrofluoric acid treatment for the remaining ash after HCl treatment, is depicted in Figure 3 for the residue produced through the pyrolysis of waste tires at 650°C. The ash content was reduced to 0.24 wt % when the time reached 5 h. The removal rate of the ash was 98.33% finally and the ash content of PCB can meet the requirement of carbon black used in tires. The ash contents of the PCB, which was first treated with HCl and then with hydrofluoric acid to obtain residues at different pyrolysis temperatures, are listed in Table 6 .
As pyrolysis temperature was increased, the ash content in the PRs decreased slightly, as shown in Table 6 . Because ZnO could be transformed to Zn in the presence of hydrogen or methane, Zn would be evaporated as the temperature rises (Yaws, 1999) . Just as was reported in the literature, the Zn content for PR decreased from 6.68% at 450°C to 6.33% at 750°C (Conesa et al., 2004) . Since the ZnO content of PR is the highest (among impurities), the decrease of ZnO content will cause the reduction of ash content for PR. The ash contents for PCB were in the range 0.29-0.40 wt %. The efficiency for removing the ash reached 97.24-98.33% with combination of hydrochloric and hydrofluoric acid pickling under ultrasonic waves, indicating that the ash of the PR was mainly composed of metal oxides, sulfides, and silica.
Comparison between PCB and tire-use CCB
Basic properties. Some basic properties of PCB and CCB are listed in Table 7 . The carbon content of PR is 81.79 wt %, which is much higher than 46.03 wt % carbon of the residue from high density polyethylene pyrolysis (Jamradloedluk and Lertsatitthanakorn, 2014 ) and 60.3 wt % carbon of the residue from Candeia tree pyrolysis (Bergier et al., 2015) . This confirmed that the PR from waste tires was a carbon-rich substance. After pickling, the carbon content increased to 96.74-97.18% from 81.79%, suggesting that the impurities can be leached out through combining HCl and HF pickling. The sulfur content of PCB decreased to 0.54 wt % from 1.81 wt % and was lower than that of CCB. The carbon content of PCB was associated with pyrolysis temperature. At temperatures exceeding 650°C, the carbon content of PCB was close to that of tire-use CCB. Through the treatment, the removal rate of sulfur for PR was up to 70.16%, indicating that the sulfur in the PR of the waste tires mainly was inorganic. The values of the adsorbed iodine of PCB were 96-98 g kg −1 , which were close to that of N339 (93 g kg −1 ) and higher than that of N326 (84 g kg −1 ). The value of the adsorbed dibutyl phthalate (DBP) of PCB changed from 79 × 10 −5 m 3 kg −1 to 85 × 10 −5 m 3 kg −1 , which was in the scope of N326 and N339. This finding demonstrated that the degree of PCB particle aggregation was between those of N326 and N339. The structure of the carbon black is determined by the degree of its aggregation. There exists a direct relationship between the void volume of carbon black and its structure. The greater the void volume of carbon black, the more structured it is. So the void volume of carbon black is a measure of its structure. The value of adsorbed DBP which is accorded with the results calculated by the morphological parameters of carbon black aggregates can reflect the void volume. Therefore, the value of DBP can be used to evaluate the structuredness of carbon black. The carbon black structure can be divided into primary structure and secondary structure (as shown in Figure 4 ), the value of adsorbed DBP represents the sum of the primary and secondary structure of carbon black.
The results of the XRF analysis for the PR and PCB 650 are shown in Table 8 . The mineral elements of PR are mainly Zn, Ca, Si, Fe, Al, Ti, and Co. Apparently, the demineralization of Zn, Ca, Si, Fe, Al, Ti, and Co is very complete using combined pickling Table 6 and 7. The specific surface areas (BET) and porous textural properties of CCB and typical PCB 650 are listed in Table 9 to further reveal their characteristics. The specific surface area of PCB 650 was 92.10 m 2 g −1 , which was greater than that of N326 and N339. This result is consistent with the specific surface area reflected by the value of the adsorbed iodine for them. According to the Chinese National Standard GB/T 3778-2011, the specific surface area of the N300 series of CCB is in the range 70-99 m 2 g −1 , showing the specific surface area of PCB 650 was in accordance with that of the N300 series CCB.
Nitrogen adsorption/desorption isotherms are presented in Figure 5 . The isotherms were typically type V, which reflected mesoporosity. The adsorbed capacity for nitrogen volume was zero at low relative pressures (p/p 0 < 0.01), indicating the absence of micropores. An evident hysteresis loop at high relative pressure (p/p 0 > 0.9) denoted the formation of macropores within the internal structure (Xie et al., 2016) . The pore size distributions are shown in Figure 6 . The internal structure is mainly mesoporous. Thus, no differences were observed between PCB and CCB in terms of porosity.
TG analysis. Figure 7 shows the thermal behaviors of tire-use CCB and PCBs. As shown in Table 10 , apart from N339, the mass loss of other samples was nearly the same, which is less than 10 wt % at 900 °C. The initial temperature of the mass loss for all samples was in the range 530-550 °C. The thermal behavior of PCB 650 was very close to that of N326. As the pyrolytic temperature was increased, thermal stability of CCB became increasingly like PCB 600 , PCB 650 , and PCB 700 .
FT-IR analysis. The FT-IR spectra of the samples are shown in Figure 8 . The characteristic absorption peaks of CCB and PCB were quite similar. The peak at ~3430 cm −1 corresponded to the O-H stretching vibration. The peak around 2920 cm −1 was attributed to the C-H stretching of the -CH 2 groups. The peak near 1627 cm −1 was assigned to the C=C vibration of the aromatic rings. These findings indicated that the same functional groups are present on the surfaces of CCB and PCB.
XRD analysis. Figure 9 shows the XRD patterns of the samples. Two diffraction peaks at about 25° and 44° correspond to the reflections of the (002) and (100) graphite planes. The interlayer spacing of the crystallite (d 002 ) was used to evaluate the degree of graphitization of carbon black. The interlayer spacing of ideal graphite is 0.3354 nm. The smaller the d 002 , the greater the degree of graphitization (Bin Hu et al., 2004) . Related parameters, such as d 002 and full width at half maximum (FWHM), are shown in Table 11 . The values of d 002 for PCBs, between 0.3507 and 0.3557 nm, were lower than those of CCB, indicating the degree of graphitization of PCB was greater than N326 and N339. This finding may be associated with the existence of metal elements contained in tires because many metal elements had a catalytic role for the increase in the degree of graphitization during the process of pyrolysis (Wang et al., 2010) . Meanwhile, the carbon of PCB was mainly from the CCB added in tires rather than from that produced through the pyrolysis of waste tires.
Raman analysis. The Raman spectra of CCB and typical PCB 650 are shown in Figure 10 , where the G-band at 1575 cm −1 is attributed to the presence of a graphitic structure and the D-band at 1355 cm −1 is attributed to amorphous carbon. The intensity ratios of the D-and G-bands (I D /I G ) are shown in Table 12 , where the I D /I G of PCB 650 was 0.950, which was lower than that of CCB, indicating the increased number of formed graphitic structures in the PCB 650 . This finding is consistent with the XRD analysis results.
SEM analysis. Micrographs of the samples are shown in Figure  11 . The aggregates of CCB and PCB 650 , were all spherical or ellipsoidal and had the same size. They were aggregated or stacked together like chains or grape bunches (Koga et al., 2005) , as shown in Figure 4 . Therefore, they exhibited nearly the same morphology and had the same size of particles. Relatively, carbon particles from N326 and PCB 650 clustered more compactly, indicating they belong to low structure carbon black and have a low DBP value, which was consistent with the result of the values of adsorbed DBP of 73 × 10 −5 m 3 kg −1 and 85 × 10 −5 m 3 kg −1 for N326 and PCB 650 .
Economic analysis
The economic rationality of producing CCB from PR is investigated in this section. It was assumed the production process is continuous and automated with minimal supervision. Meanwhile, the yield of CCB produced by PR from waste tires was 80%. Survey result showed the price of PR and the series of N300 CCB were￥2000 and ￥6000 per ton, respectively. Through cost accounting, the comprehensive cost of producing CCB from PR is about ￥4500 per ton. Hence the profit margin of this approach was more than 30%. Therefore, the economic benefits of this approach are good. This route could greatly increase the overall efficiency of waste tire pyrolysis industry.
Conclusions
Through systematic study for the process of upgrading pyrolytic residue (PR) from waste tires, the conclusions can be obtained as follows: the carbon of pyrolytic carbon black (PCB) mainly originated from the CCB added in tires rather than from rubber pyrolysis. The contribution of natural or synthetic rubber to PR was very little. The ash of PR was mainly composed of metal oxides, inorganic sulfides and silica. Through pickling of combination of HCl and HF for PR in turn, 70.16% (from 1.81 wt % down to 0.54 wt %) of sulfur and 98.33% (from 13.98 wt.% down to 0.2394 wt.%) of ash were removed. The properties of PCB 650 , including elementary composition, value of adsorbed iodine, value of adsorbed DBP, and nitrogen adsorption characters, content of ash and sulfur, were all quite similar to those of N326. The results of TG analysis, FT-IR, XRD, Raman spectrometry, and SEM further proved the properties of PCB 650 were in accordance with those of N326. Thus, PCB was deemed an alternative to N326. According to the method, the value-added carbon black can be successfully obtained from waste tires. Therefore, we provided a simple, feasible and economical route to upgrading PR from waste tires to CCB. This will greatly enhance the resource utilization rate of waste tires. Of course, the alternatives for hydrofluoric acid need to be further explored due to its harm to human body in the future. 
